MuA. Amino acid sequence algument and the similar effects of mutatios sug st that Asp-269 and Glu-392 of MuA may be analogs of the first Asp and final Glu of a conserved triad of acidic amino acids present in many trasoeand the retroviral Integrases (the D-D-35-E motif). The higher Mn2+ optima observed with MuA derivatives altered at these postW supports a role for the conserved acidic amino adds in coordinating divalent metal ions in the active sites of transPoae.
Phage Mu is a member of a large family of genetic elements that insert their DNA into that of the host chromosome by transposition. This family includes bacterial transposons, P elements of Drosphilia, Tc elements of Caenorhabditis elegans, and En/Spm elements of maize. Retroviruses and long terminal repeat-retrotransposons also use transposition to integrate their genomes into chromosomal DNA. Because Mu transposes at high frequency, much of the work illuminating the mechanism of transposition has been done using phage Mu. Parallel studies on TnlO, Tn7, P elements, and retroviruses reveal that important aspects of the process are conserved among this diverse group of elements (for review, see ref. 1) .
The central reactions of transposition can be divided into two chemical steps: (i) endonucleolytic cleavage of the phosphodiester bond between the element and the flanking host DNA, called donor DNA cleavage; and (ii) the coupled DNA cleavage and joining reaction, called DNA strand transfer, which covalently links the 3' ends of the element DNA to the DNA at the target site. In most systems a single protein, called the transposase or integrase, promotes both these chemical steps. For phage Mu, the transposase is the MuA protein.
The chemical mechanism underlying transposition has been investigated in some detail (for review, see refs. 1 and 2). In the systems in which it has been determined, donor DNA cleavage uncovers a 3' OH at each end of the transposon DNA (3) (4) (5) (6) (7) (8) (9) (10) . In the subsequent strand transfer step, these two 3' ends are covalently joined to two 5' phosphates, staggered by a few base pairs, in the two DNA strands at the target site (9) (10) (11) (12) . The chirality of a phosphorothioate at the site of insertion in the target DNA is inverted during the course of strand transfer promoted by the Mu transposase (13) and the human immunodeficiency virus (HIV) integrase (14) . Similarly, during donor cleavage by the HIV integrase, the chirality of a phosphorothioate at the site of cleavage is inverted (14) . These results strongly support the view that both chemical reactions proceed by a one-step polynucleotidyl transfer mechanism.
The active form of MuA is a tetramer ofthe 75-kDa protein bound simultaneously to the two ends of the Mu DNA (15) (16) (17) (18) . This complex holds the two DNA ends in a paired configuration and engages the DNA cleavage sites. Formation of the complex requires several MuA binding sites on a supercoiled donor DNA and the host DNA binding protein HU (17, 19, 20) ; complex assembly is a prerequisite for the chemical steps of DNA cleavage and strand transfer and may activate MuA protein for catalysis. Once the tetramer is formed, the constituent MuA monomers do not exchange with monomers in solution, and the basic structure of the complex is conserved throughout the rest of the reaction (15) (16) (17) . Efficient transposition involves a second phageencoded protein, MuB. MuB is an activator of MuA and directs transposition to distant target sites (16, (21) (22) (23) MuB protein was purified as described (24) with the additional step as described (25) (11, 18) and protein cross-linking for detection ofMuA tetramers were as described (19) .
Site-Directed Mutagenesis. Site-directed mutagenesis was done using the method of Kunkel et aL (27) . The singlestranded DNA carrying the MuA sequence was made by cloning the Pst I-BamHI fiagment from pMK591 (18) ions within the active sites of nucleases (for reviews, see refs. 28 and 29) . (ii) Three conserved acidic amino acids within retroviral integrases are essential for donor cleavage and strand transfer by these proteins (30) (31) (32) (33) (34) (35) . As the integrases promote very similar reactions to MuA, a related catalytic center may be expected. Eleven positions within MuA were modified. Residues were selected for mutagenesis as follows: (i) previous deletion analysis showing the importance of the amino acids between residues 574 and 605 (18, 36) , (ii) the position of a mutation that renders MuA defective in strand transfer at residue 548 (37), and (iii) possible amino acid sequence similarities with other transposition proteins (Nancy Craig and Lars Sundstr6m, personal communication; see Fig. 4 ). In each case an Asp was changed to an Asn or a Glu was changed to a Glu. The altered proteins were overexpressed in Escherichia coli, and their ability to support donor cleavage and strand transfer was assayed using the protein present in the crude cell extract. Most mutant proteins retained high levels of donor cleavage and strand transfer activity ( Table  1 ). The exceptions were those carrying the D269N, D294N, or E392Q mutation. Although a stained protein gel of the crude lysates showed the presence of a large amount of fulll-length MuA, the D269N and E392Q proteins had no detectable activity, and only a trace of activity was observed with D294N. These three proteins were purified for further analysis and behaved similarly to wild-type MuA during fractionation. In the following analysis, data are shown for D269N. However, the same experiments have been done using E392Q with very similar results. Purified D294N retained a few percent of the donor cleavage and strand transfer activities of the wild-type protein; further characterization of this protein is not presented in detail.
D269N Assembles into the Tetraer but Is Defective In DNA Cleavage and Strand Transfer. Purified D269N had no detectable donor DNA cleavage or DNA strand transfer activity. Donor cleavage was measured by the disappearance of the supercoiled form of the donor DNA. Strand transfer was assayed independently ofdonor cleavage by using precleaved donor DNA in which the ends of the Mu sequences were exposed by digestion of a donor plasmid with HindIII (4).
Strand transfer covalently joins the donor and target DNA, resulting in the appearance of slowly migrating bands on an agarose gel. No cleavage or strand transfer by D269N was detectable over a 6-fold range of protein concentrations in which wild-type MuA was active (Fig. 1) . In similar experiments, E392Q also failed to show any detectable cleavage or strand transfer activity (data not shown).
The form of MuA that promotes donor cleavage and strand transfer is a stable tetramer bound to the two ends of the Mu MuA, D269N, or E392Q and incubation was for60 min. The products are labeled on the side of the gel as described in Fig. 1 .
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Protein sequence alignment of MuA with other transposition proteins. The MuA sequence was from Harshey et al. (38) . The first residue shown is amino acid 260. The HIV-1 and MoMLV sequences were taken from Engelman and Craigie (30) . The alignment was based largely on the comparison of the IS3 family of elements (39) and TnSS2 (40) with retroviral integrases, and an unpublished alignment of MuA, TnsB, and p480 of Tn552 done by Nancy Craig (personal communication). Final alignment was done by eye to maximiz sequence similarities and fixing the position of the first Asp and final Glu (shown in large boldface type). Residues that exhibit conservation are shown in boldface type. Amino acids were grouped for this purpose as follows: G,A,S,T; L,I,V,M; F,Y,W; D,E,N,Q; K,R,H; C; and P. The * symbol above the sequences shows residues that are critical for both donor cleavage and strand transfer activities by MuA; those below the sequences are critical for both activities of HIV integrase.
Comparison of the sequences reveals limited similarity around Asp- (41) (42) (43) . In the absence of structural data, enzymological analysis, mutagenesis, and chemical modification can provide information about the roles of specific functional groups and cofactors in catalysis. An experiment with a modified form of the Tetrahymena self-splicing intron provides a recent elegant example. In this case, Mn2+ was found to antagonize the inhibitory effect of substituting a bridging 3' oxygen atom by sulfur in the substrate at the cleavage site. These data lead to the conclusion that metal ions participate directly in catalysis of phosphoryl transfer reactions by ribozymes (44) . The role ofMg2+ in the mechanism of the tRNA processing enzyme RNase P has also been extensively studied. A combination of binding and cleavage studies revealed that divalent metal ions are not required for formation of the enzyme-substrate complex but rather are required for catalysis (45, 46) . Removing the 2' OH group in the RNA at the cleavage site dramatically slows cleavage and reduces the apparent affinity of the enzyme for metal ions. These data have been used to support the conclusion that this 2' OH provides a ligand for the metal ion in the active site (47) .
Traditional enzyme kinetics are not easily applied to Mu transposition because tetramer assembly is slow and MuA does not turn over. However, by logic similar to that used with RNase P, the observation that a low level of activity is restored to the D269N and E392Q mutant proteins by addition of high levels of Mn2+ supports the proposal that these residues participate in coordinating metal ions allel and both are modestly restored by Mn2+. These residues could form part of the active site for both steps in a similar manner if the mechanistic difference between the two reactions is in the choice of the attacking nucleophile (14) . For cleavage of the donor DNA, water presumably has this role, while the 3' OH end of the donor DNA appears to directly attack the phosphodiester bonds at the target site during strand transfer (13, 14, 48, 49) .
Functional Organization of MuA. The location of the essential acidic amino acids within MuA contributes to the description ofthe functional organization ofthe protein. MuA is constructed of three domains (Fig. 5) . The critical acidic amino acids all lie within domain II, a protease-resistant domain that binds nonspecifically to DNA (50) . The N-terminal domain contains the site-specific DNA recognition regions that bind the internal activation sequence (51, 52) and the sites at the Mu DNA ends (50) . Domain III is composed of two functionally distinct regions: domain IIIA is essential for tetramer formation and activity (18) and domain IIIB is required for the protein-protein interaction between MuA and MuB (22) . The effects ofapoint mutation at position 548 (Thr Ile) that renders MuA defective in strand transfer (37) and a deletion of domain IlA, (18) were the motivation for making substitution mutations at all the acidic amino acids near residue 548 (Asp-550, Glu-556, Glu-558, and Asp-567) and between residues 573 and 605 (Glu-573, Asp-5%, Glu-599, and Glu-602). Proteins carrying these substitutions retained substantial DNA cleavage and strand transfer activity. Hence, these regions, while important for activity, do not contribute an essential acidic amino acid.
The basic outline ofthe mechanism oftransposition and the functional organization of transposition proteins are emerging. It 
